Testicular testosterone synthesis begins with cholesterol transport into mitochondria via steroidogenic acute regulatory (StAR) protein in Leydig cells. Acute heat stress is known to obstruct testicular steroidogenesis by transcriptional repression of StAR. In contrast, chronic heat stress such as cryptorchidism or varicocele generally does not affect testicular steroidogenesis, suggesting that Leydig cells adapt to heat stress and retain their steroid synthesis ability. However, the mechanisms of the stress response in steroid-producing cells are unclear. We examined the relationship between the heat stress response and heat shock factor 1 (HSF1), which protects cells from proteotoxic stress by inducing heat shock protein as a molecular chaperone. The influences of HSF1 deficiency on cholesterol transport by StAR and the expression of steroidogenic enzymes under chronic heat stress were studied in testes of HSF1-knockout (HSF1KO) mice with experimental cryptorchidism. StAR protein in wild-type-cryptorchid mice was transiently decreased after induction of cryptorchidism and then gradually returned to basal levels. In contrast, StAR protein in HSF1KO mice continued to decrease and failed to recover, resulting in impaired serum testosterone. StAR messenger RNA was not decreased with cryptorchidism, indicating that posttranslational modification of StAR, not its transcription, was obstructed in cryptorchidism. Other steroidogenic enzymes, including CYP11A1, 3b-HSD, and CYP17A1, were not decreased. Lipid droplets were increased in the cytosol of HSF1KO-cryptorchid mice, suggesting dysfunctional cholesterol transportation. These findings provide insight into the role of HSF1 in Leydig cell steroidogenesis, suggesting that it maintains cholesterol transport by recovering StAR under chronic heat stress. (Endocrinology 158: 2648(Endocrinology 158: -2658(Endocrinology 158: , 2017 
T estosterone is produced in testicular Leydig cells and plays important roles in reproduction, sexual development, and sexual function. Testosterone deficiency results in a disorder of secondary sex characters or male infertility (1, 2) ; therefore, testosterone is necessary for humans and other species. Steroidogenesis is a complex steroid-enzyme process by which cholesterol is converted to different steroid hormones. Testosterone synthesis is initiated by cholesterol transport into the mitochondria via steroidogenic acute regulatory (StAR) protein (3, 4) . CYP11A1 converts cholesterol to pregnenolone in the mitochondria (5) . Pregnenolone then moves from the mitochondria into the smooth endoplasmic reticulum (ER) and is converted to testosterone by several steroidogenic enzymes, including 3b-HSD, CYP17A1, and 17b-HSD (6) . Testicular heat stress affects these steroid synthesis processes and disrupts testicular steroidogenesis.
Germ cells have high mitotic activity, and they are susceptible to heat stress; therefore, testicular heat stress associated with cryptorchidism or varicocele is involved in spermatogenic failure and male infertility (7) (8) (9) . Testicular heat stress also affects Leydig cell steroidogenesis. Local heat treatment of rat testis resulted in insufficient testosterone biosynthesis by suppressing transcription of StAR and CYP17A1 (10) . Heat stress inhibited steroidogenesis by StAR dysfunction (11, 12) , and ER stress caused by heat stress is involved in the deficiency of steroidogenic enzymes (13) . Cryptorchidism is one of the best-known testicular diseases associated with chronic heat stress and oxidative stress (14) . However, experimental cryptorchidism generally does not affect serum testosterone levels (15, 16) . Another report showed that testosterone biosynthesis in experimental cryptorchid mice was transiently degraded and then gradually improved (17) . These studies suggest that Leydig cells in cryptorchid testes adapt to heat stress and maintain steroid production.
Several innate defense mechanisms of Leydig cells that protect cells from proteotoxic stress to maintain steroidogenesis have been reported. Antioxidants such as superoxide dismutase in Leydig cells play an important role in protecting cells against oxidative stress (18, 19) . ER stress in Leydig cells enhances mitochondrial metabolic activity to maintain steroidogenesis (20) . These results show that the stress response in Leydig cells is essential for testicular steroidogenesis. However, the mechanism of the heat stress response promoted by heat shock factor 1 (HSF1) in Leydig cells is still unknown. The heat shock response is characterized by the expression of a variety of molecular chaperones known as heat shock proteins (HSPs) that maintain protein homeostasis (21, 22) and are involved in protein folding, repairing denatured protein, and intracellular trafficking of protein. These HSPs are controlled by activation of heat shock transcription factors (23, 24) , and the major HSPs are mainly regulated by HSF1 in mammalian cells (25) . HSF1 and HSF2 have been identified in mammalian testis (26) . HSF1 promotes cell death in defective germ cells exposed to heat stress (27) and performs quality control functions for germ cells (28) . In this study, the influence of HSF1 deficiency on germ cells was studied using HSF1-knockout (HSF1KO) mice; however, the role of HSF1 in testicular steroidogenesis has not been clarified. We hypothesized that HSF1 may be involved in the stress response in Leydig cells.
The purpose of this study was to investigate the mechanism of adaptation in Leydig cells via HSF1 for maintaining steroidogenesis under testicular heat stress. To determine the influences of chronic heat stress, we generated cryptorchid models using wild-type (WT) mice and HSF1KO mice, in which the HSF1 gene was mutated for gene targeting (29) . In cholesterol transport processes, major cholesterol transport proteins, including StAR and translocator protein (TSPO), were examined. In the steroid enzymatic process, steroidogenic enzymes, including CYP11A1, 3b-HSD, and CYP17A1, were examined.
Materials and Methods

Experimental cryptorchidism
WT and HSF1KO mice were housed in standard cages under a 12-hour light-dark cycle (12 hours light, 12 hours dark) and were fed water and standard rodent feed. Six-week-old mice were anesthetized by intraperitoneal injection of 25 mg/kg Somnopentyl (Kyoritsu Seiyaku Corporation, Tokyo, Japan). Bilateral testes were fixed onto the ipsilateral abdominal walls with 4-0 nylon sutures (30) . The testes were dissected at 1, 2, and 4 weeks after the operation. Sham-operated mice were used as controls. The experimental design and animal treatment protocol were approved by the Committee for Ethics on Animal Experiments of Yamaguchi University School of Medicine.
Western blotting
Enucleated testes were immediately frozen in liquid nitrogen and stored at 280°C until further processing. Tissue extracts were prepared by homogenization in NP-40 lysis buffer [150 mM NaCl, 1.0% Nonidet P-40, 50 mM Tris (pH 8.0), 1 mM phenylmethylsulfonyl fluoride, 1 mg/mL leupeptin, 1 mg/mL pepstatin], and centrifuged at 13,200 3 g for 10 minutes. Protein concentrations in the supernatants were determined by Bradford assays. Protein samples were incubated for 5 minutes at 95°C with 1 M dithiothreitol. Equal amounts of soluble proteins (10 to 50 mg/lane) were loaded onto either 10% or 12% acrylamide gels for sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and were then transferred onto nitrocellulose membranes in a water tank system. The membranes were blocked with 5% milk in phosphate-buffered saline for 1 hour and incubated with primary antibodies for StAR (sc-25806, 1:500; Santa Cruz, Dallas, TX), TSPO (ab109497, 1:100; Abcam, Cambridge, United Kingdom), CYP11A1 (sc-18043, 1:400; Santa Cruz), 3b-HSD (sc-30820, 1:500; Santa Cruz), CYP17A1 (sc-46081, 1:400; Santa Cruz), HSF1 (amHSF1j, 1:1000), and b-actin (AC-15, 1:1000; Sigma-Aldrich, St. Louis, MO) overnight at 4°C. Immunospecific bands were quantified with ImageJ software (ImageJ®, version 1.48; National Institutes of Health, Bethesda, MD). The densitometric values were normalized to b-actin expression.
Quantitative real-time polymerase chain reaction
Frozen testes were homogenized in TRIzol regent (Life Technologies, Carlsbad, CA), and total RNA was extracted. RNA concentration was determined using a NanoDrop LITE (Thermo Scientific, Wilmington, DE). Samples were normalized to the total RNA content and reverse transcribed using a Cloned AMV First-Strand cDNA Synthesis Kit (Invitrogen, Life Technologies, Carlsbad, CA). StAR messenger RNA (mRNA) levels were determined by quantitative reverse transcription polymerase chain reaction using SYBR Green mix (Life Technologies) and the following primers: StAR (forward), 5 0 -CCGGGTGGATGGGTCAA-3 0 ; StAR (reverse) 5 0 -CACCTC-TCCCTGCTGGATGTA-3 0 . StAR mRNA levels were normalized against GAPDH RNA levels using following primers:
0 . Reactions and quantification were performed using an Applied Biosystems StepOnePlus Real-Time PCR System (Life Technologies).
Immunohistochemistry and immunofluorescence
Mouse testes were fixed in Bouin fixative for 24 hours at room temperature and processed using paraffin. Immunohistochemistry was performed on 4-mm thick paraffin sections. Several sections were immunostained with StAR, CYP11A1, 3b-HSD, CYP17A1, and proliferating cell nuclear antigen (PCNA) antibodies (sc-56; 1:500, Santa Cruz). Sections were deparaffinized and rehydrated with xylene and alcohol. Endogenous peroxidases were blocked for 10 minutes with 3% hydrogen peroxide. The sections were treated with microwave boiling for antigen retrieval with citrate buffer (pH 6.0). After the sections were blocked with 5% milk in phosphate-buffered saline, they were incubated with several primary antibodies overnight at 4°C. Secondary antibody (Histofine Simple Stain MAX PO, No. 424152; Nichirei, Tokyo, Japan) was applied for 30 minutes, and detections were performed with 3,3 0 -diaminobenzidine (No. 415172; Nichirei). The sections were counterstained for 1 minute with Mayer hematoxylin and then mounted.
Immunofluorescence was also performed using 4-mm thick paraffin sections. Primary antibodies for HSP 110 (amHsp110b), HSP 70 (sc-24; 1:1000, Santa Cruz), HSP 60 (amHsp60-1), and HSP 27 (arHsp27) were used. Secondary antibody (Alexa Fluor 488, 4412S; Cell Signaling Technology, Danvers, MA) was applied for 30 minutes. Images were taken using a confocal microscope (LSM510, META; Zeiss, Jena, Germany). Fluorescence intensity was measured using ImageJ software.
Measurement of Leydig cell volume and proliferative activity
We determined Leydig cell volumes per area of testis as previously described (31) . Leydig cells were immunostained for 3b-HSD, which is a Leydig cell marker. We randomly 
Oil red O staining
Oil red O staining was performed to visualize lipid droplets in Leydig cells. Testes were obtained from mice with or without 4 weeks experimental cryptorchidism. Lipid droplets were also measured after intraperitoneal injection of human chorionic gonadotropin (hCG) (Gonatropin 3000, ASKA Animal Health, Tokyo, Japan). In hCG-stimulated mice, testes were obtained 6 hours after intraperitoneal injection of 2 IU hCG/10 g body weight.
Testes were immediately immersed in a 30% sucrose solution after dissection, frozen in optimum cutting temperature compound (Sakura Finetek, Torrance, CA), and then sectioned at 7 mm using a cryostat at 220°C. The sections were rinsed with isopropanol and stained with freshly prepared oil red O solution for 15 minutes (O00625; Sigma-Aldrich) according to the manufacturer's recommendations. They were counterstained with methyl green solution for 1 minute. The area of oil red O-stained lipid droplets per Leydig cell area was quantified with ImageJ software.
Assessment of serum hormone levels
All serum samples were obtained from 10-week-old mice with or without 4 weeks of experimental cryptorchidism. Blood samples were collected in the morning (from 8:00 to 10:00). Serum testosterone was also measured after hCG treatment. In hCG-stimulated mice, blood was obtained 6 hours after intraperitoneal injection of 2 IU hCG/10 g body weight. Blood was collected via cardiac puncture, and serum was separated by centrifugation at 2500 3 g for 15 minutes and stored at 220°C before analysis. Serum testosterone level was measured with an enzyme immunoassay kit (Cayman Chemicals, Ann Arbor, MI) according to the manufacturer's recommendations. After the optimal concentration range was determined for the assay, the serum samples were diluted with accessory buffer at a 1:10 or 1:50 ratio and were used for the experiment. Absorbance was read at 405 nm using a microplate reader (ARVOx4 2030 Multilabel Reader; Perkin Elmer, Waltham, MA).
Statistical analysis
The obtained data are expressed as the mean 6 standard error of the mean. Statistical analyses were performed with SPSS 12 (SPSS, Chicago, IL). The two groups were compared with unpaired t tests. A P value ,0.05 was considered statistically significant.
Results
Cryptorchidism-induced disruption of germinal epithelium and Leydig cell hyperplasia
Morphological changes of Leydig cells and spermatogenic cells in cryptorchid testes were evaluated using HE staining [ Fig. 1(A) ]. After induction of cryptorchidism, spermatogenic cells were diminished in both WT and HSF1KO mice. Spermatogenic cells showed greater decreases, and maturation of the spermatogenic cells was inhibited at an earlier stage in HSF1KO mice compared with WT mice [ Fig. 1 (Ag) and 1(Ah)]. These morphological changes signified that experimental cryptorchidism induced chronic heat stress in testicular tissues and affected spermatogenesis. In contrast, no differences in morphological changes were identified between the hematoxylin-stained Leydig cells of the WT and HSF1KO mice [ Fig. 1 (Ag) and 1(Ah)].
Leydig cell volume in WT and HSF1KO mice was evaluated to determine how volumetric changes in Leydig cells affect steroidogenesis [ Fig. 1(B) ]. Leydig cells immunostained with a 3b-HSD antibody were clearly distinguishable from other cells. The volume of Leydig cells per seminiferous tubules in both WT and HSF1KO mice with cryptorchidism significantly increased after 2 weeks. We evaluated the PCNA-positive rate of Leydig cells to assess the proliferation of Leydig cells [ Fig. 1(C) ]. Germ cells in seminiferous tubules were strongly immunostained with PCNA antibody and could be used as a positive control for PCNA, and fewer PCNA-positive Leydig cells were identified compared with germ cells. The PCNA-positive rates in both WT and HSF1KO mice were significantly increased at 2 weeks, indicating that proliferation activities of Leydig cells were increased at 2 weeks in cryptorchid mice. These results showed that chronic heat stress with cryptorchidism induces Leydig cell hyperplasia but does not cause the testosterone deficiency itself. Furthermore, HSF1 deficiency did not account for Leydig cell proliferation under chronic heat stress conditions.
Reduced expression of StAR protein in the testes of mice with experimental cryptorchidism and absence of StAR protein recovery in HSF1KO mice
To investigate cholesterol transport proteins, we assessed the relative StAR protein levels [ Fig. 2(A) ]. After induction of cryptorchidism, StAR protein levels in both WT and HSF1KO mice were significantly (P , 0.01) reduced compared with those of the controls. The expression of StAR protein differed in WT and HSF1KO mice over 2 weeks. StAR protein levels in WT mice gradually improved and normalized to the control level at 4 weeks. In contrast, StAR protein levels in HSF1KO mice continuously decreased, reaching 10% of the control levels at 4 weeks. Because the basal level of StAR protein was similar between WT and HSF1KO mice, HSF1 was not required for StAR protein stability under nonstress conditions. StAR mRNA was also analyzed to confirm whether the transcription of StAR was inhibited by cryptorchidism [ Fig. 2(C) ]. In both WT and HSF1KO mice, StAR mRNA levels at 1 week were decreased by nearly 40% compared with the basal levels (not significant), and then, these mRNAs levels were normalized over 2 weeks. These results indicated that transcription of StAR was only minimally affected by cryptorchidism and that the translational process or posttranslational modification of StAR in HSF1KO mice was obstructed by cryptorchidism. The decreased StAR protein in HSF1KO There was no significant difference in Leydig cell volume between WT and HSF1KO mice. Data are expressed as the mean 6 standard deviation (n = 3). * and †P , 0.05 compared with WT and HSF1KO controls, respectively. Scale bar = 100 mm and 20 mm for 3100 and 3400 magnification, respectively. mice with cryptorchidism was shown by immunohistochemistry [ Fig. 2(B) ]. Additionally, TSPO, also known as the peripheral benzodiazepine receptor, was examined. TSPO was highly expressed in Leydig cells, and the expression levels did not change after induction of cryptorchidism in both WT and HSF1KO mice [ Fig. 2(D) ], indicating that TSPO deficiency was not caused by cryptorchidism.
We also examined the expression of other steroidogenic enzymes (e.g., CYP11A1, 3b-HSD, and CYP17A1) [ Fig. 3(A) ]. In WT mice with cryptorchidism, only CYP17A1 was significantly increased at 4 weeks [ Fig.  3(D) ], whereas the level of the other enzymes did not change. In HSF1KO mice with cryptorchidism, CYP11A1, 3b-HSD, and CYP17A1 were increased at 2 and 4 weeks [ Fig. 3(B-D) ], showing that cryptorchidism did not attenuate steroidogenic enzymes in the mice. These results indicated that hypotestosteronemia in HSF1KO mice with cryptorchidism was not due to steroid enzymatic dysfunction, and the steroidogenic enzymes were protected by another stress response pathway independent of HSF1.
Expression of HSPs in mouse testes with cryptorchidism
The HSF1 protein in mouse testes diminished in HSF1KO mice [ Fig. 4(A) ]. To investigate the alteration of HSPs regulated by HSF1 in testes with cryptorchidism, we evaluated the expression of HSP110, HSP70, HSP27, and mitochondrial HSP60 in Leydig cells using immunofluorescence. HSP110, HSP70, and HSP27 were identified in Leydig cells, not expressed in germ cells [ Fig. 4(B) ]. In contrast, HSP60 was detected in both Leydig cells and germ cells. Basal expression levels of the HSPs in Leydig cells were similar between WT and HSF1KO mice [ Fig. 4(C) ]. HSP110, HSP27, and HSP60 in WT mice were significantly increased at 1 week compared with that in HSF1KO mice and normalized at 4 weeks. These HSPs in Leydig cells were induced by cryptorchidism in an HSF1-dependent manner. HSP60 was highly expressed until 4 weeks, suggesting that cryptorchidism caused mitochondrial stress in Leydig cells. In contrast, HSP70 did not change in Leydig cells with cryptorchidism.
Abnormal accumulation of cholesterol ester in HSF1KO mice with cryptorchidism
Oil red O staining was performed to visualize lipid content in Leydig cells [ Fig. 5(A) ], and the relative amount of the lipid droplets in Leydig cells was quantified [ Fig. 5(B) ]. There was no obvious difference in lipid droplets between WT and HSF1KO mice under control conditions. In contrast, the Leydig cells in HSF1KO mice with cryptorchidism contained prominent lipid droplets [ Fig. 5(Ad) ]. Lipid droplets were also observed after hCG treatment. In WT and HSF1KO control mice, lipid droplets in the cytosol were significantly decreased (Fig. 5(Ae-g) ]. In contrast, lipid droplets in HSF1KO mice with cryptorchidism were not significantly decreased [ Fig. 5(Ah) ]. The dysfunctional transport of cytosolic cholesterol that is associated with StAR deficiency causes unusual accumulation of cholesterol ester in the cytosol (32, 33) . hCG-treated Leydig cells were shown to be devoid of lipid droplets due to consumption of cholesterol for testicular steroidogenesis (34) . This abnormal cholesterol accumulation in HSF1KO mice with cryptorchidism before and after hGC stimulation indicated that StAR deficiency caused a cholesterol trafficking defect to the mitochondria under chronic heat stress conditions.
Hypotestosteronemia in HSF1KO mice with experimental cryptorchidism
Serum testosterone levels were used to evaluate steroid production in Leydig cells. There was no significant difference in basal testosterone levels between WT and HSF1KO mice [ Fig. 6(A) ]. Serum testosterone levels in WT mice tended to increase compared with basal levels (not significant); in contrast, serum testosterone levels in HSF1KO mice decreased (not significant). At 4 weeks, In WT mice, CYP17A1 in 4-week cryptorchid testes was significantly increased compared with that in controls. In HSF1KO mice, (B) CYP11A1, (C) 3b-HSD, and (D) CYP17A1 were significantly increased after 2 weeks compared with that in controls. There was no significant difference in these steroidogenic enzymes between WT and HSF1KO mice. Data are expressed as the mean 6 standard deviation (n = 3). * and †P , 0.05 compared with WT and HSF1KO controls, respectively. Scale bar = 20 mm for 3400 magnification.
serum testosterone levels in HSF1KO mice with cryptorchidism were significantly reduced to 10% of that in WT mice (203 6 40 and 2243 6 512 pg/mL, P , 0.05). To confirm the preliminary capacity of testosterone synthesis, we administered hCG to WT and HSF1KO mice. After hCG administration, only serum testosterone levels in HSF1KO mice with cryptorchidism were significantly decreased [ Fig. 6(B) ], suggesting that Leydig cells in HSF1KO mice with cryptorchidism had a reduced response to hCG stimulation. These results indicated that Leydig cells without HSF1 could not maintain steroid synthesis under chronic heat stress conditions.
Discussion
This study was performed to elucidate the mechanisms of the stress response regulated by HSF1 in Leydig cells. The data suggest that HSF1 regulates Leydig cell steroidogenesis by stabilizing cholesterol transport through the StAR protein. To our knowledge, this is the first report to evaluate the stress response regulated by HSF1 in Leydig cells.
In a past report, activated HSF1 of mice testes was involved in Leydig cell hyperplasia accompanied by atrophy of seminiferous tubules (35); however, the function of HSF1 in Leydig cell proliferation or steroidogenesis was not determined. In the current study, cryptorchidism was shown to induce Leydig cell hyperplasia in WT and HSF1KO mice through increased cell proliferation [ Fig. 1(B) and 1(C) ]. This result is consistent with the effects of acute heat stress in promoting Leydig cell proliferation and causing Leydig cell hyperplasia (10, 36) . The heat shock response regulated by HSF1 supports cell survival in acute heat stress (29, 37) . Unexpectedly, HSF1 deficiency did not affect Leydig cell volumes in the current study. This result suggests that HSF1 is dispensable for Leydig cell survival under chronic heat stress with cryptorchidism. Furthermore, the reduced steroid hormone production of individual Leydig cells, but not volumetric deterioration, accounts for the impaired testosterone synthesis in HSF1KO mice with cryptorchidism.
Acute heat stress, for example treatment at 45°C for 15 minutes, reduces steroid synthesis in Leydig cells by degradation of StAR protein or CYP17A1 (10, 38) . In the current study, chronic heat stress with cryptorchidism also affected the expression of StAR; however, StAR deficiency was transient, and StAR protein levels gradually increased to basal levels [ Fig. 3(A) ]. Leydig cells can acclimate to chronic heat stress and can regain StAR synthesis, which may explain the recovery of serum testosterone levels over time after induction of experimental cryptorchidism (17, 39) . The current study showed that the decrease in StAR protein levels associated with cryptorchidism is predominantly attributed to posttranscriptional regulation. Chronic heat stress with cryptorchidism did not significantly reduce StAR mRNA levels in WT and HSF1KO mice [ Fig. 3(B) ], and the small reduction in StAR mRNA was negligible compared with the decline of StAR protein. This finding does not concur with the transcriptional repression of StAR previously observed with acute heat stress (10, 12) . Testicular heat stress with cryptorchidism is mild and continuous . Lipid droplets in HSF1KO (dotted bar) mice with cryptorchidism were significantly increased compared with WT mice (closed bar) and controls. After hCG administration, lipid droplets in WT mice and HSF1KO mice without cryptorchidism were significantly decreased compared with that before hCG administration. In contrast, lipid droplets in HSF1KO mice with cryptorchidism were not significantly decreased. Scale bar = 100 mm for 3100 magnification. Data are expressed as the mean 6 standard deviation. *P , 0.05 compared between hCG (2) and hCG (+). †P , 0.05 compared between controls and WT with cryptorchidism. https://academic.oup.com/endocompared with acute heat stress; therefore, the influence of cryptorchidism on StAR transcription may be attributive. Testicular heat stress generates reactive oxygen species through oxidative stress or hypoxia (40, 41) , and these proteotoxic stresses compounded with cryptorchidism may alter transcriptional and post transcript processes of StAR between acute heat stress and chronic heat stress with cryptorchidism. HSF1 is activated by several stresses, such as heat shock, oxidative stress, and heavy metals (25) . HSF1 binds to heat shock elements located in the promoter of HSF1 target genes and activates gene expression (42) . We previously showed that the DNA-binding activity of HSF1 to heat shock elements was activated by cryptorchidism. In the current study, HSP110, HSP27, and mitochondria HSP60 were increased only in WT mice with cryptorchidism. These results presumably indicate that HSF1 in Leydig cells is activated by heat stress or oxidative stress with cryptorchidism and induced the HSPs.
StAR is synthesized in the cytosol as a 37-kDa preprotein and is proteolytically processed to a mature 30-kDa form in mitochondria (43) . HSF1KO mice with cryptorchidism could not synthesize StAR protein despite adequate transcription, suggesting that HSF1 in Leydig cells is associated with the stabilization of posttranscriptional processing of StAR [ Fig. 3(E) ]. The mitochondrial membrane is essential for posttranscriptional processing of StAR. Disruption of the membrane voltage reduces testicular StAR protein despite normal transcription and causes steroidogenic dysfunction (44, 45) , which is similar to the results of HSF1KO mice with cryptorchidism. HSF1 regulates the mitochondrial stress response, inducing mitochondrial chaperones, such as HSP60, HSP10, and mitochondrial HSP70 (46) (47) (48) . In the current study, HSP60 was not induced by cryptorchidism in HSF1KO mice; therefore, insufficient mitochondrial adaptability due to reduced adequate mitochondrial chaperones may cause the absence of mitochondrial StAR processing. The deficiency of 30-kDa StAR in mitochondria does not directly result in cholesterol transport disorder because 30-kDa StAR completes cholesterol transport. The substantial lipid droplets in HSF1KO mice with cryptorchidism showed smaller reductions compared with those of WT mice and HSF1KO controls after hCG treatment [ Fig. 5(B) ]. Because hCG stimulates cholesterol transport and steroid synthesis, less reduction of lipid droplets indicates defective cholesterol utilization, which suggests dysfunctional cholesterol transport through StAR. In contrast, HSF1 deficiency did not affect TSPO and steroidogenic enzymes, including CYP11A1, 3b-HSD, and CYP17A1, suggesting that they were not directly associated with the HSF1 [Fig. 3(E) ]. TSPO is a translocator protein present in the outer mitochondrial membrane, and TSPO cooperates with StAR in cholesterol transport (49) . Recently, a new TSPO function for mitochondrial stress response maintaining mitochondrial homeostasis has been noted (50) . Interactions between TSPO and HSPs such as HSP70 and HSP90, are important for cholesterol import (51) , and thus, HSF1 may cooperate with TSPO in steroidogenesis under heat stress conditions.
Recently, substantial attention has been paid to the involvement of HSF1 in aging. HSF1 supports cellular proteostasis to prevent the accumulation of cellular damage associated with aging (52) . Serum testosterone concentrations in aging men progressively decline (53) , and late onset hypogonadism syndrome can develop (54, 55) . In aged rats, decreased cholesterol transport, including reduced StAR protein-mediated cholesterol transport, caused by reactive oxygen species is associated with age-related reductions in Leydig cell steroidogenesis (56, 57) . The current study suggests that HSF1 protects Leydig cells from several proteotoxic stresses such as oxidative stress during aging and heat shock stress, and prevents hypotestosteronemia in aging men. These findings are expected to be useful in future investigations of the mechanisms of late onset hypogonadism syndrome.
In summary, we showed that chronic heat stress associated with cryptorchidism interfered in the posttranscriptional regulation of StAR protein and transiently reduced StAR protein levels. StAR protein instability is involved in regulation of testosterone synthesis in a late limiting step of cholesterol transport under chronic heat stress conditions, which may be useful to prioritize cell survival over steroidogenesis under stress conditions. HSF1 is involved in the recovery of StAR protein and maintains cholesterol transport in chronic heat stress. These findings demonstrate a function for HSF1 in steroid-producing cells and will be instrumental for further investigations of the stress response of steroidproducing cells. However, the mechanism of the stabilization of StAR protein has yet to be elucidated. Additional studies are currently underway to clarify which HSPs regulated by HSF1 are involved in the stabilization of StAR protein and how the HSPs act as molecular chaperones.
